Radioactive energies from unstable nuclei made in the ejecta of neutron star mergers play principal roles in powering kilonovae. In previous studies power-law-type heating rates (e.g., ∝ t −1.3 ) have frequently been used, which may be inadequate if the ejecta are dominated by nuclei other than the A ∼ 130 region. We consider, therefore, two reference abundance distributions that match the r-process residuals to the solar abundances for A ≥ 69 (light trans-iron plus rprocess elements) and A ≥ 90 (r-process elements). Nucleosynthetic abundances are obtained by using free-expansion models with three parameters: expansion velocity, entropy, and electron fraction. Radioactive energies are calculated as an ensemble of weighted free-expansion models that reproduce the reference abundance patterns. The results are compared with the bolometric luminosity (> a few days since merger) of the kilonova associated with GW170817. We find that the former case (fitted for A ≥ 69) with an ejecta mass 0.06 M ⊙ reproduces the light curve remarkably well including its steepening at 7 days, in which the mass of r-process elements is ≈ 0.01 M ⊙ . Two β-decay chains are identified:
INTRODUCTION
The discovery of a binary neutron star (NS) merger as the source of gravitational wave signals confirmed by advanced LIGO/Virgo (on August 17, 2017; GW170817, Abbott et al. 2017) , followed by the detection of an electromagnetic counterpart across the entire wavelength range, has opened a window of the "multi-messenger astronomy" (see, e.g., Metzger 2017) . Among the latter, the observations of electromagnetic emission in optical and near-infrared ranges (kilonova, Li & Paczyński 1998; Metzger et al. 2010) provided us with numerous clues to understanding the origin of heavy elements such as gold and uranium made by the rapid neutron-capture process (r-process, see Thielemann et al. 2017 , for a recent review).
The history of the r-process study goes back to the seminal works by Burbidge et al. (1957) and Cameron (1957) . Burbidge et al. (1957) supposed a sort of stellar explosions including core-collapse supernovae and Type Ia supernovae be the astrophysical site of the rprocess. Prior to these works, in Burbidge et al. (1956) a concept of the r-process already has been presented by associating the light curves of Type Ia supernovae decaying in an exponential manner with the spontaneous fission of a transuranic species 254 Cf (with a halflife of 60.5 days). It was before the identification of the decay chain 56 Ni→ 56 Co→ 56 Fe (Colgate 1969; Arnett 1979 ) that actually powers Type Ia supernovae.
Since then, a main focus of the study of r-process sites has been placed on core-collapse supernovae including prompt explosions (Schramm 1973; Sato 1974; Hillebrandt et al. 1976; Sumiyoshi et al. 2001; Wanajo et al. 2003 ) and more recently neutrino-driven explosions (Meyer et al. 1992; Woosley et al. 1994; Witti et al. 1994; Qian & Woosley 1996; Cardall & Fuller 1997; Otsuki et al. 2000; Wanajo et al. 2001; Thompson 2001) . However, recent studies exclude the former explosion mechanism (e.g., Kitaura et al. 2006; Janka et al. 2012) and suggest the latter be sources of only light trans-iron elements (e.g., Wanajo et al. 2011 Wanajo et al. , 2013 . Currently, only a magneto-rotationally induced explosion mechanism remains a viable possibility among the scenarios of core-collapse supernovae Nishimura et al. 2015 Nishimura et al. , 2017 Mösta et al. 2017; Halevi & Mösta 2018 ).
An alternative scenario, the decomposition of neutronrich material from merging binary neutron stars (NSs, or a NS and a black hole) also was proposed as the sources of r-process elements (Lattimer & Schramm 1974; Symbalisty & Schramm 1982; Eichler et al. 1989; Meyer 1989) . Early studies of the dynamical ejecta (resulting from tidal torque and shock heating) of NS mergers pointed the robust production of heavy r-process nuclei (A > 120) by a fission recycling in extremely neutron-rich environments (Freiburghaus et al. 1999; Goriely et al. 2011; Korobkin et al. 2012; Bauswein et al. 2013) . More recent studies indicate, however, the production of all the r-process species (A ≥ 90) in the ejecta with a wide range of neutron-richness owing to weak interactions (electron/positron and neutrino captures on free nucleons, Wanajo et al. 2014; Sekiguchi et al. 2015 Sekiguchi et al. , 2016 Goriely et al. 2015; Radice et al. 2016; Papenfort et al. 2018) . The post-merger outflows from the accretion disk orbiting around a remnant (a massive NS or a black hole) also were suggested as a site of the r-process (Ruffert & Janka 1999; Metzger et al. 2008; Surman et al. 2008; Wanajo & Janka 2012) . Recent studies indicate various possibilities such that the disk outflows are modestly (e.g., Just et al. 2015; Fujibayashi et al. 2018) or very (e.g., Wu et al. 2016; Siegel & Metzger 2017; Fernández et al. 2018 ) neutronrich.
Latest studies of Galactic chemical evolution imply that r-process-enhanced halo stars reflect the nucleosynthetic yields from single NS merger events (Ishimaru et al. 2015; Beniamini et al. 2016; Safarzadeh & Scannapi 2017; Ojima et al. 2018) . Spectroscopic analyses of Galactic halo stars also have been providing us with several important clues. The remarkable agreement of the abundance distributions of r-process-enhanced halo stars with those of the solar r-process component indicates a robust and single origin of r-process elements (e.g., CS 22092-052, Sneden et al. 2003; CS 31082-001, Siqueira Mello et al. 2013 ). The stars observed in a recently discovered ultra-faint dwarf galaxy, Reticulum II, also exhibit solar-like r-process abundance patterns (Ji et al. 2016; Ji & Frebel 2018) . However, such a remarkable agreement appears not to extend to the low-Z (< 50) and high-Z (> 80) ends; abundance variations of a factor of several can be seen in lighter elements (e.g., Sr, Y, and Zr, Sneden et al. 2008) as well as in actinides (e.g., Th, Holmbeck 2018) with respect to those in between (e.g., Eu). More seriously, there are few measurable lines of light trans-iron elements (30 < Z < 40) that compose the low-mass side of the r-process residuals to the solar system abundances (e.g., Goriely 1999) . Currently, only Ga and Ge have been measured from the space for only a few halo stars (Sneden et al. 2008) .
The identification of a kilonova (AT 2017gfo or SSS17a) associated with GW170817 has revealed the production of elements beyond iron in the NS merger (e.g., Arcavi et al. 2017; Chornock et al. 2017; Cowperthwaite et al. 2017; Kasen et al. 2017; Kasliwal et al. 2017; Nicholl et al. 2017; Pian et al. 2017; Smartt et al. 2017; Tanaka et al. 2017; Tanvir et al. 2017) . While the early "blue" emission indicates a lanthanide-free (Z < 57) component in the ejecta (Metzger & Fernández 2014; Kasen et al. 2015; Tanaka et al. 2018) , the late-time (> a few days) emission in red-optical and near-infrared wavelengths confirms the presence of freshly synthesized lanthanides that have high opacities Kasen et al. 2013; Tanaka & Hotokezaka 2013) . However, the inferred mass fraction of lanthanides and heavier in the ejecta is only ≈ 10 −4 -10 −2 (e.g., Arcavi et al. 2017; Chornock et al. 2017; Nicholl et al. 2017; Waxman et al. 2017) . It is questionable, therefore, if the merger made heavy r-process elements such as gold and uranium. Moreover, such photometric analyses alone cannot discriminate between lanthanides and heavier elements.
Another problem is the large amount of ejecta from the merger; the inferred masses of the blue and red components are, respectively, ≈ 0.01-0.02 M ⊙ with the outflow velocity of ≈ 0.2 c (c is the speed of light) and ≈ 0.04 M ⊙ with ≈ 0.1 c (e.g., Cowperthwaite et al. 2017; Nicholl et al. 2017 ). The total mass ≈ 0.05-0.06 M ⊙ is too large to be fulfilled by the dynamical ejecta of 0.01 M ⊙ Bauswein et al. 2013; Sekiguchi et al. 2016; Radice et al. 2016 ). The disk outflows may eject more material of ∼ 0.01-0.1 M ⊙ but with smaller velocity (∼ 0.05 c, Dessart et al. 2009; Metzger & Fernández 2014; Just et al. 2015; Siegel & Metzger 2017; Shibata et al. 2017; Fujibayashi et al. 2018) . Note that most of the above estimates for the kilonova ejecta were based on the power-law-type heating rates (e.g., ≈ 2 × 10 10 t −1.3 erg g −1 s −1 , where t is time in days, Metzger et al. 2010; Wanajo et al. 2014) originating from the decaying radioactivities with A ∼ 130.
In this paper we revisit the issue of the radioactive heating rates in NS merger ejecta, which is supposed to be the first of the series of papers that explore the physical conditions for the r-process by using a multicomponent free-expansion model described in § 2. Nucleosynthetic abundances are obtained by using freeexpansion models that cover a wide range of parameters (expansion velocity, entropy, and electron fraction). The heating rates are then calculated as an ensemble of free-expansion models with their weighted abundances, which fit the r-process residuals to the solar system abundances (Goriely 1999) for two cases: a) A ≥ 69 and b) A ≥ 90 ( § 3). Obviously, the choice of reference abundance distributions are not unique; these two cases are taken for simplicity, in which the nuclei of A ∼ 70 and 130, respectively, play dominant roles for radioactive heating. The resultant heating rates are presented in § 4 with discussion on the contributions from β-decay, α-decay, and fission. In § 5, the heating rates for the two cases by adopting the thermalization efficiencies in Barnes et al. (2016) are compared with the kilonova light curve of the NS merger GW170817. Summary and conclusions follow in § 6.
MULTI-COMPONENT FREE-EXPANSION MODEL
First, we define a free expansion (FE) model to be used throughout this study. Provided that a spherically symmetric, homogeneous gaseous matter adiabatically expands with time t, the temporal evolution of matter density is given by
where ρ 0 = 1.4×10 9 g cm −3 and R 0 = 150 km are taken as the density and radius at t = 0 (a similar approach can be seen in Freiburghaus et al. 1999; Farouqi et al. 2010) . Although the FE model (hereafter FE) itself is site-independent, these boundaries are chosen according to the result of the hydrodynamical simulation of a NS merger in Wanajo et al. (2014) . The radial expansion velocity v in Eq. (1) is assumed to be constant, which is one of free parameters in a FE described below.
An ensemble of FEs constitutes a multi-component FE (mFE) model such that the nucleosynthetic abundances satisfy
where Y i is the abundance of the ith isotope in the mFE, Y FE,i,j the abundance of the ith isotope in the jth FE, and φ j a weight for the jth FE (see a similar approach in Bouquelle et al. 1996; . A set of φ j 's will be determined in § 3. Each FE involves three free parameters, namely, a constant expansion velocity v, an initial entropy S (in units of Boltzmann constant per nucleon, k B /nuc), and an initial electron fraction (proton-to-nucleon ratio) Y e . In this study the ranges of these parameters are taken to be (v/c, S, Y e ) = (0.05-0.30, 10-35, 0.01-0.50) with the intervals of (∆(v/c), ∆S, ∆Y e ) = (0.05, 5, 0.01). These cover the ranges in the bulk of dynamical ejecta (e.g., Wanajo et al. 2014 ) and disk outflows (e.g., Fujibayashi et al. 2018 ). In Eq. (2), therefore, the total number of FEs is N FE = 6 × 6 × 50 = 1800.
Nucleosynthetic abundances for each FE are obtained by using a nuclear reaction network code, rNET, described in Wanajo et al. (2001 Wanajo et al. ( , 2014 . rNET consists of 6300 isotopes of Z = 1-110 with experimen-tal rates when available (e.g., JINA REACLIB V2.0 1 , Cyburt et al. 2010 ; Nuclear Wallet Cards 2 ) and theoretical estimates otherwise (e.g., TALYS, Goriely et al. 2008 for neutron, proton, and α captures and GT2, Tachibana et al. 1990 for β-decays with the HFB-21 mass prediction, Goriely et al. 2010) . Neutrino captures are not included in this study. Theoretical (spontaneous, neutron-induced, and β-delayed) fission properties adopted are those predicted from the HFB-14 mass model (Goriely et al. 2007) . A single Gaussiantype distribution of fission fragments is assumed with a prompt emission of four neutrons per event. For the energy released per fission, an empirical law of average total kinetic energies
is taken from Viola et al. (1985) . For 1550 ≤ Z 2 /A 1/3 ≤ 1650, in which measured energies are appreciably greater than those in Eq. (3) (A ∼ 260 in the present case), TKE = 250 MeV is adopted (see, e.g., Figure 20 in Heßberger 2017).
The nucleosynthesis calculation for each FE starts when the temperature decreases to 10 GK. The initial composition is determined to be 1 − Y e and Y e for free neutrons and free protons, respectively, which immediately attains nuclear statistical equilibrium (NSE) in such high temperature. The temperature in each timestep is computed from the density in Eq. (1), the entropy, and the isotopic composition by using a tabulated equation of state (Timmes & Swesty 2000) . The entropy generation from β-decay, α-decay, and fission at each timestep is taken into account.
DETERMINATION OF ABUNDANCE DISTRIBUTIONS
To obtain the weights φ j 's in Eq. (2), a reference abundance distribution should be chosen. For this purpose, we employ the r-process residuals to the solar system abundances (by subtracting the s-process component) as a function of A (= 69-238, red circles with error bars in Figure 1 , Goriely 1999 ). This may be justified because of the robustness of the abundance distributions in r-process-enhanced stars, which match the solar rprocess pattern at least in the range 50 < Z < 80. Note that the "r-process residuals" with A < 90 are merely those made by nucleosynthesis other than the s-process. In fact, it is known that such nuclei can be f Production ratio in number.
produced in NSE under low S (∼ 10 k B /nuc) and modestly low Y e (∼ 0.4) conditions (Hartmann et al. 1985; Meyer et al. 1998; Wanajo et al. 2018) . To clarify this point, we refer to the components of A < 90 and A ≥ 90 as "light trans-iron elements" and "r-process elements", respectively, and an ensemble of both as "residuals". For the reference abundance distribution, mFE is constructed by using a recurrence method described in Bouquelle et al. (1996) ,
with the initial weights of φ 
In light of little information for the abundances of light trans-iron elements in r-process-enhanced stars, we consider two mFEs, refer to as mFE-a and mFE-b hereafter, with the minimum a) A = 69 (as in Goriely 1999) and b) A = 88, respectively (Table 1, second column). The former represents the residual abundances of both light trans-iron and r-process elements and the latter rprocess elements only. For both cases, those of A > 206 are not included for the fitting procedure, which do not represent the yields at a nucleosynthetic event (but at the formation of the solar system). The determined nuclear abundances of mFE-a and mFE-b are displayed in Figure 1 (upper left and upper right, respectively) with those of the residuals that are shifted to match at A = 138. For both cases, mFEs reasonably reproduce the residual distribution over the adopted A range. Note the co-production of abundances that are out of range (A < 69 and A < 88 for mFE-a and mFE-b, respectively, and A > 205 for both).
While the abundance patterns are similar to each other for A ≥ 90, mFE-a results in 5 times smaller r-process products. In fact, the mass fraction of rprocess elements (A ≥ 90) in mFE-a is only X r = 0.15 (3rd column in Table 1 ) because of the dominance of light trans-iron elements. As a result, the mass fraction of lanthanides and heavier (A ≥ 139) is X l = 0.035 (4th column in Table 1 ), which is comparable to the upper bound of estimates for GW170817 in the literature (≈ 0.01, Chornock et al. 2017) . In contrast, mFE-b gives large mass fractions of r-process elements (X r = 0.72) and of lanthanides and heavier (X l = 0.21); the latter is appreciably greater than the literture values.
The bottom panels of Figure 1 display the translead abundances at 1 and 10 days for mFE-a (left) and mFE-b (right). The abundance patterns are similar to each other and thus the final Th/Eu ratios are almost the same (7th column in Table 1 ). The abundances with A > 266 already have decayed away by spontaneous fission of parent nuclei in the neutron-rich region. Transuranic nuclei up to A = 266 remain including 254 Cf and some Fm isotopes that contribute to the heating rates by spontaneous fission. Noted that these fissile nuclei are absent in Barnes et al. (2016, in spontaneous fission (see large variations of theoretical fission barriers in Figure 2 and resulting fissile regions in Figure 8 of Goriely 2015) . Figure 2 shows the fractions of v/c (top), S (middle), and Y e (bottom) over the parameter ranges for mFE-a (left) and mFE-b (right). For Y e , such discrete distributions may be unphysical and due to numerical reasons (in which a small number of FEs are preferentially taken in the recurrence relation). For the purposes of subsequent discussion, the Y e fractions grouped with an interval of ∆Y e = 0.05 are also shown by gray histograms. Note that the recurrence method does not guarantee the physical weights of φ j 's be unique when the solution degenerates in the (v/c, S, Y e )-space. It should also be noted that the uncertainties in nuclear ingredients are not considered in this study. Therefore, the distributions of these quantities shown in Figure 2 should not be regarded as the unique solution. Keeping these caveats in mind, we find distinct features between mFE-a and mFE-b; the former is represented by (S, Y e ) ≈ (10, 0.4) and the latter with wide ranges of (S, Y e ).
This explains the reason why the abundance distribution of mFE-a extends down to A = 48 ( 48 Ca). In a condition such as (S, Y e ) ∼ (10, 0.4), a single NSE cluster contains two maxima at A = 48 and A ≈ 64-84: the former be associated with the magic numbers (Z, N ) = (20, 28) and the latter Z = 28 or N = 50 (Hartmann et al. 1985; Meyer et al. 1998; Wanajo et al. 2018) . Therefore, the production of nuclei with A = 48-68 (out of the reference range) is inevitable when the reference abundances contain A ≈ 80 (the first peak of the residuals). It is noteworthy that the ratio of 48 Ca/Eu (= 751) is comparable (60%) to that in the solar system (= 1240 (= , Lodders 2003 . Given mFE-a be representative, this implies that NS mergers can be potential sources of 48 Ca, whose astrophysical origin is currently unknown (Hartmann et al. 1985; Meyer et al. 1996; Woosley 1997; Wanajo et al. 2013 Wanajo et al. , 2018 .
HEATING RATES
An ensemble of FEs with their weights gives the temporal evolution of the nuclear heating rates for each mFE,q
whereq FE,j (t) is the heating rate of the jth FE as a function of time. The resulting heating rates are shown in Figure 3 for mFE-a (left) and mFE-b (right) with those from all channels (black), β-decay (blue), α-decay (green), and fission (red) as functions of time 3 . For both mFEs, the contribution from β-decay dominate over the others; fission and α-decay become important at late times Barnes et al. 2016) . While the total heating rate in mFE-b well scales as ≈ 2 × 10 10 t −1.3 erg g −1 s −1 (e.g., Metzger et al. 2010; Wanajo et al. 2014) , the same does not hold in mFE-a. The behaviors of α-decay and fission contributions are similar between mFE-a and mFE-b but with appreciably greater values for the latter (because of the greater amount of r-process elements). In mFE-a (Figure 3 , bottom left) the FEs of Y e = 0.41-0.45 dominate over those of the other Y e ranges, while in mFE-b (right) the Y e groups of 0.06-0.35 have similar contributions. This is due to the dominance of FEs with Y e = 0.41 in mFE-a (Figure 2) .
The reason of deviation from a power law in mFE-a is attributed to the two β-decay chains that principally contribute to heating (halflife), 
as can be seen in Figure 4 (top left). The parent isotopes 66 Ni and 72 Zn are made in NSE. The decay chain from 66 Ni exhibits a factor of a few greater contribution than that from 72 Zn. A = 66 is out of the range from the residuals but co-produced with 72 Zn in the same condition (S, Y e ) ≈ (10, 0.4) as described in § 3. The dominance of only two isobars A = 66 and 72 with similar halflives of the parent nuclides 66 Ni and 72 Zn leads to an exponential-like (rather than power-law-like) behavior of the heating rate during t = 1-15 days. Note that, in mFE-a, the isotopes of A ∼ 130 play only subdominant roles on the β-decay heating. In mFE-b (Figure 4 , top right) those of A ∼ 130 have dominant contributions, exhibiting a power-law-like decay as found in previous studies (e.g., Metzger et al. 2010; Wanajo et al. 2014) .
Dominant contributing isotopes for α-decay and fission are also shown in Figure 4 (middle and bottom). As anticipated, little difference can be seen between mFE-a (left) and mFE-b (right) except for consistently greater values in the latter. For fission, 254 Cf and a few Fm isotopes mainly contribute to the heating rate (Wanajo et al. 2014; Zhu et al. 2018) . Note that the measured halflives of 258, 259, 260 Fm for spontaneous fission are only 370 µs, 1.5 s, and 4 ms, respectively, but sizably contribute to heating because of predicted longer β-decay lifetimes of the parent isotopes adopted in this . The total heating rates are shown in black along with those from β-decay (blue), α-decay (green), and fission (red). Also shown is an empirical law, 2 × 10 10 t −1.3 erg g −1 s −1 (dotted line). Bottom: Heating rates as functions of time (in days) from Ye groups (in different colors) along with the total values (black) for mFE-a (left) and mFE-b (right). study. As the contributions of these isotopes are all subject to very uncertain β-decay and spontaneous fission lifetimes of their parent nuclides, the outcomes should be taken at a qualitative level.
IMPLICATION TO KILONOVA LIGHT CURVES
Provided that the light curve after a few days since merger is exclusively due to radioactive energies, we heating rate in the ejecta (in erg s −1 ) is calculated aṡ
where the thermalization efficiency ǫ(t) for given ejecta mass M ej and velocity v ej is obtained from the analytic formula in Barnes et al. (2016, Eqs. 16, 21, and 25) . Note that v ej is taken as an independent free parameter from v in FEs, because mFE models do not necessarily give unique solutions of the velocity distributions as described in § 3. The adopted energy partitions of β-decay are 0.4 to neutrinos (that do not contribute to heating), 0.4 to electrons, and 0.2 to γ-rays according to Hotokezaka et al. (2016, Figure 1 ). Q for each mFE is compared with the observed bolometric luminosity of the kilonova associated with GW170817 (Waxman et al. 2017; Villar et al. 2018) . For mFE-a and mFE-b, the ejecta masses are taken to be M ej /M ⊙ = 0.06 and 0.04, respectively (Table 2 , second column), such thatQ approximately matches the light curve at a few days since merger. A greater M ej for the former is needed to compensate the smaller heating rate per mass (Figure 3, top) . Three different ejecta velocities v ej /c = 0.05 (top), 0.10 (middle), and 0.20 (bottom) are considered, which affect the thermalization efficiency ǫ(t). The calculated total heating ratė Q(t) and its β-decay component are displayed by black and blue lines, respectively. The latter can be regarded as the lower bound of the heating rate when considering uncertainties in the fission contribution described in § 3.
On top of the uncertainties originating from nuclear ingredients, an intrinsic variation of actinide productivity is known from the measurements of Th/Eu ratios in r-process-enhanced stars, which can be taken as the range of Th/Eu production ratio. Among those, a recently found Galactic halo star, J09544277+5246414 (Holmbeck 2018) , exhibits the highest ratio of Th/Eu = 0.76 (Table 3 , second column). Given the age of the oldest Galactic halo star be 13.5 Gyr, the upper limit of the production ratio becomes Th/Eu = 1.5 (Table 3 , 4th column) with the halflife of 232 Th (14.05 Gyr). The lowest measured Th/Eu (= 0.14) has been reported for one of r-process-enhanced stars, DES J033523-540407 (Ji & Frebel 2018) , in a ultra-faint dwarf galaxy Reticulum II. Assuming the age of the youngest star in Reticulum II be 10 Gyr, the lower limit becomes 0.28. Our result indicates the Th/Eu production ratio (Table 1, 7th column) in between the inferred range above (Th/Eu = 0.28-1.5). Given the amount of trans-lead nuclei be proportional to Th/Eu, the range of the heating rate with rescaled contributions from fission and α-decay is indicated by the grey area in Figure 5 .
Obviously, the light curve of GW170817 is best explained by mFE-a, in particular with v ej /c = 0.1 (middle left), for both a steepening at t 7 days (Waxman et al. 2017 ) and the late-time estimates (43 and 74 days, Villar et al. 2018 ). The former is indicative of the two β-decay chains from 66 Ni and 72 Zn in Eqs. (6)- (7) with similar halflives (≈ 2 days). Note that a slower ejecta velocity (v ej /c = 0.05, top left) keeps a high thermalization efficiency (Barnes et al. 2016 ) and thusQ(t) becomes slightly less steeper, which is however still consistent within the error bars. For v ej /c = 0.2,Q becomes too steep to be consistent with the light curve. At late times for v ej /c = 0.1, the data points are marginally consistent with the lower limit of the heating rate (in grey) and slightly greater than that from β-decay (i.e., the lower bound). Note that the ejecta might be in a nebular phase at these late times, in which the thermalization factor ǫ(t) could be overestimated.
It appears a reasonable interpretation, therefore, that the products from the NS merger GW170817 consist of mainly light trans-iron elements (A < 90) with a small fraction of r-process elements (A ≥ 90). This also explains an inferred small content of lanthanides and heavier in the ejecta (X l 0.01). Assuming that mFE-a with M ej /M ⊙ = 0.06 represents the merger GW170817, the ejecta mass of the r-process elements is ≈ 0.01 M ⊙ (Table 2, 3rd column), which is fully consistent with that from the dynamical ejecta of a NS merger (e.g., Shibata et al. 2017) . The rest of ≈ 0.05 M ⊙ that consists of light trans-iron elements can also be explained by the post-merger disk outflows in Fujibayashi et al. (2018) . In their model of α vis = 0.04, the ejecta mass and mean velocity are, respectively, ≈ 0.05 M ⊙ and ≈ 0.1 c (in their Figure 8 ), which coincide with those of our best case in mFE-a ( Figure 5 , middle left). In their relevant model the distributions of S and Y e exhibit relatively narrow peaks at ≈ 10 k B /nuc and ≈ 0.35-0.4, respectively (their Figure 14) , which are (marginally for the latter) in agreement with those in mFE-a (Figure 2 ). An updated analysis of Metzger & Fernández (2014) in Lippuner et al. (2017) also shows similar trends. The mass of Eu estimated for GW170817 is 2.6 × 10 −5 M ⊙ (Table 2, 5th column) that also is in agreement with the values adopted in recent works of Galactic chemical evolution (Figure 1 in Côté et al. 2017) .
For mFE-b ( Figure 5 , right), none of cases accounts for the steepening at t 7 days. Effects of velocity in ǫ(t) are too small to steepen the light curve. The late-time heating rates also are largely over-predicted except for the fast velocity case (v ej /c = 0.2). We cannot exclude a possibility that the ejecta quickly became transparent at t 7 days and a reduction of thermaliza-Wanajo tion resulted in the steepening and smaller luminosities at late times. Otherwise, the bolometric luminosities at late times might be largely overestimated. However, a tension between observations and theoretical results stands; the r-process products as massive as ≈ 0.5 M ⊙ cannot be explained neither by dynamical ejecta or disk outflows. In addition, the inferred mass fraction of lanthanides and heavier ( 0.01) disagree with that in mFE-b (≈ 0.2; Table 1, 4th column).
SUMMARY AND CONCLUSIONS
Multi-component free-expansion model (mFE) was constructed to investigate various aspects of physical conditions relevant for the r-process. This paper was supposed to be the first of a series of papers with an emphasis on radioactive heating rates that power a kilonova, an electromagnetic counterpart of the gravitational signals from a NS merger. Each free expansion model (FE) consists of a three-parameter suite: expansion velocity v/c (= 0.05-0.30), entropy S (= 10-35 in units of k B /nuc), and electron fraction Y e (= 0.01-0.50). A mFE was defined as an ensemble of FEs that fitted a given reference abundance distribution. The rprocess residuals (by subtracting the s-process component) to the solar system abundances (Goriely 1999) was employed as the reference, in light of the robust (solar-r-process like) abundance patterns in r-processenhanced stars (at least in the range 50 < Z < 80, e.g., Sneden et al. 2008) .
Two models were considered: a) mFE-a with a reference of the full range of the residuals (A ≥ 69) with both light trans-iron and r-process elements and b) mFE-b with r-process elements only (A ≥ 90). For mFE-b, the fitting of FEs to the reference resulted in wide ranges of S and Y e as found in numerical simulations of dynamical ejecta (Wanajo et al. 2014; Sekiguchi et al. 2015 Sekiguchi et al. , 2016 ; see also a similar trend in the magneto-hydrodynamic simulations of accretion disks by Siegel & Metzger 2017; Fernández et al. 2018) . In contrast, mFE-a composed of narrow ranges of S ≈ 10 and Y e ≈ 0.4 that were in good agreement with a recent simulation of disk outflows (Fujibayashi et al. 2018 ; see also Lippuner et al. 2017 ). As such physical conditions led to NSE, the nucleosynhthetic yields extended down to 48 Ca, a nuclide whose astrophysical origin was unknown (Hartmann et al. 1985; Meyer et al. 1996; Woosley 1997; Wanajo 2013) .
While the obtained heating rate for mFE-b exhibited a power-law-type temporal evolution owing to β-decay (of A ∼ 130) as found in previous works (≈ 2 × 10 10 t −1.3 erg g −1 s −1 , e.g., Metzger et al. 2010; Wanajo et al. 2014) , that for mFE-a indicated rather an exponential-type evolution during t ≈ 1-15 days. Two β-decay chains relevant for the heating were identified:
66 Ni→ 66 Cu→ 66 Zn and 72 Zn→ 72 Ga→ 72 Ge with both having similar halflives (≈ 2 days) of the parent isotopes made in NSE. Contributions from fission and α-decay became non-negligible at late times (> 10 days) as pointed out by Hotokezaka et al. (2016) ; Barnes et al. (2016) ; Zhu et al. (2018) .
Obtained heating rates with given ejecta mass M ej and ejecta velocity v ej (both affect the thermalization efficiency, Barnes et al. 2016 ) were compared with the bolometric light curve of the kilonova (AT 2017gfo or SSS17a) associated with GW170817. It was found that the light trans-iron dominant model mFE-a with M ej /M ⊙ = 0.06 and v ej /c = 0.1 reproduced the bolometric light curve remarkably well. A steepening of the light curve at 7 days (Waxman et al. 2017 ) was indicative of the dominance of light trans-iron nuclei including 66 Ni and 72 Zn, rather than r-process products. Latetime estimates at several 10 days (Villar et al. 2018) could also be explained with the β-decay heating and probably those from fission and α-decay. The pure rprocess model (mFE-b with M ej /M ⊙ = 0.04) did not account for the light curve at late times because of its robust power-law like decay of the heating rate. Note that our models account for the gross nature of the kilonova light curve but its early blue component that may originate from a high-latitude dynamical ejecta (e.g., Shibata et al. 2017) or the wind ejecta from a strongly magnetized hypermassive NS (Metzger 2018) .
In conclusion, the ejecta from the NS merger GW170817 was dominated (≈ 0.05 M ⊙ ) by light transiron elements (A < 90) with a fraction (≈ 0.01 M ⊙ ) of r-process elements (A ≥ 90). Along with the adopted velocity (v ej /c = 0.1), our conclusion is consistent with an interpretation that the r-process elements come from the dynamical ejecta of a NS merger and light trans-iron elements from the subsequent disk outflows (e.g., Shibata et al. 2017) .
Magneto-hydrodynamic mass ejection from an accretion disk may also be a viable mechanism for this event (Siegel & Metzger 2017; Fernández et al. 2018) . Although the inferred M ej and v ej are similar to the literature values, it is emphasized that the principal radioactive energy sources are light trans-iron elements, not r-process elements as suggested in previous works.
A word of caution is needed; this study itself cannot answer satisfactorily to a question: "how much r-process elements were made?". This is due to the fact that the choice of a reference abundance distribution was arbitrary and our conclusion strongly relied upon the abundances of only two radioactive isotopes 66 Ni and 72 Zn.
The inferred mass of r-process elements (≈ 0.01; Table 2) merely reflects our choice of the reference abundance distribution, i.e., the r-process residuals to the solar system abundances. Comparison of our model (mFE-a) with the observed bolometric luminosity only ensures the production of light trans-iron isotopes 66 Ni and 72 Zn with the amounts presented in Table 1 (5th  and 6th columns) 4 but the abundance distribution in Figure 1 (top-left) 5 . Different from a previous thought, β-decay contribution from A ∼ 130 is unimportant in this case (Figure 4 , top left). Our result (mFE-a) is consistent with additional contributions from fission and α-decay ( Figure 5 , middle left) but only at a qualitative level when considering uncertainties in nuclear ingredients.
Currently, therefore, only the inferred X l gives a hint to the amount of r-process elements. Our result in mFE-a, X l = 0.035, is a few times greater than the upper bound of the literature values (≈ 10 −4 -10 −2 , e.g., Arcavi et al. 2017; Chornock et al. 2017; Nicholl et al. 2017; Waxman et al. 2017 ). If we took it literally, the r-process mass of ≈ 0.01 M ⊙ in mFE-a would be regarded as the upper limit. The true value may be a few times smaller, which is still consistent with the theoretical range of dynamical ejecta masses in a recent work (= 0.002-0.016, Shibata et al. 2017) . However, no information can be obtained from the inferred X l alone on the prodution of heavy r-process elements such as gold and uranium. Only a viable strategy appears to search a signature of spontaneous fission (from 254 Cf and possibly a few Fm isotopes), which can affect late-time luminosities (Wanajo et al. 2014; Hotokezaka et al. 2016; Zhu et al. 2018) . As described in § 4, many uncertainties are involved in estimating the fission contribution. Nevertheless, a variation of late-time light curves among future NS merger events will be indicative of actinide production ( Figure 5 , grey area), which is expected from spectroscopic studies of Galactic halo stars. In this paper comparison was made only with the NS merger GW170817, the first and currently unique detection of such an event. It should be noted that the same heating rates of our model (mFE-a) may not necessarily be applicable to future NS merger events. The reason is that the abundance distribution of light transelements may not be robust, which is very sensitive to S and Y e (Meyer et al. 1998; Wanajo et al. 2018) . Small shifts of these quantities in post-merger disk outflows would substantially modify the abundance pattern. As can be seen in Figure 3 (bottom), the behaviors of heating rates are very different among different Y e groups for Y e > 0.30. The amounts of ejecta mass from disk outflows can also be dependent of, e.g., the masses and their ratio of merging NSs (e.g., Shibata et al. 2017) . Even so, it is encouraging that we have means of discriminating between light trans-iron and r-process dominant mergers through the light curves of kilonovae in the future.
